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Abstract

Adolescenceis acritical period for the development of the brain, cognition, and mental
health, which are shaped by a wide range of environmental factors. In the present study, we
analysed the Adolescent Brain and Cognitive Development (ABCD) dataset to examine how
arange of proximal (e.g., socioeconomic status, familial circumstances) and distal (e.g.,
neighbourhood conditions, access to healthcare and education) environmental factors are
associated with changes in centile-based measures of brain structure, and whether these brain
differences subsequently mediate variations in cognition and mental health. We analysed
these associations both at baseline (N = 6,911; 3,605 M, 3,606 F; mean age = 9.93) and
longitudinally across three timepoints (N = 1,628; 879 M, 749 F; ages 8-15). At baseline, a
more advantaged proximal and distal environment was associated with larger volumes across
the whole brain relative to age- and sex-matched peers, which, in turn, mediated better mental
health outcomes and cognitive performance. In the longitudinal analysis, the childhood
environment predicted changes in brain structure across adolescence, and these structural
changes predicted changes in mental health and cognition. The childhood environment also
predicted cognitive but not mental health changes across adolescence, suggesting that these
associations may already be established early in adolescence. These findings provide insight
into how environmental and neural factors shape adolescent mental health and cognition,
with potential implications for early intervention strategies aimed at promoting positive
developmental outcomes.
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I ntroduction

Adolescence, the period of transition between childhood and adulthood, is widely recognised
as aformative period of development. The brain undergoes significant structural and
functional reorganisation®, which, in turn, is thought to underpin the substantial cognitive
development and changes in mental health that occur during this period?.While these
associations have long been hypothesised, there is surprisingly limited longitudinal research
assessi ng these links across adolescence. Moreover, both brain and behavioural development
are shaped by a plethora of environmental factors. Therefore, incorporating the role of the
environment is critical for understanding individual differences in adolescent cognitive and
mental health trgjectories.

It has been suggested that a reorganisation of the brain occurs during adolescence’, triggered
by a surge of synaptic elimination®, axonal growth, and myelination®. At a macro-structural
level, white matter volumes show linear increases®, while gray matter volumes follow a non-
linear inverted U-shaped trgjectory; initial increasesin early childhood, followed by apeak in
late childhood and subsequent decreases throughout adolescence®™®. Regional gray matter
volumes mirror known patterns of behavioural development and generally follow a posterior-
to-anterior gradient, where sensory regions mature earlier than higher-order associative
regions™®.

It is also during adolescence that the mgjority of mental health conditions are first diagnosed,
including depression, anxiety, eating disorders, and schizophrenia'®*. Simultaneously,
substantial cognitive development also occurs across various domains such as executive
functioning, response inhibition, attention control, language, planning and organisation,
emotion regulation, and social cognition™. It is hypothesised that these changes in mental
health and cognition are underpinned by the structural changes in the brain occurring during
adolescence. Consistent with this hypothesis, lower cortical™®, subcortical™®, and global gray
matter volumes™ have been associated with higher scores on measures of psychopathology in
adolescence. In other cases, region-specific effects have been observed for mental health'®
and cognitive outcomes'"*8, and these effects also appear to vary depending on the
developmental stage under investigation. More recent frameworks have also proposed that
relative deviations™ in brain structure from population norms may better explain individual
differences in mental health and cognitive outcomes than raw brain volumes, though further

large-scale research is required to better characterise these associations in adolescence.

Importantly, measures of brain structure and behaviour during adolescence have both been
associated with environmental factors. These can broadly be categorised into distal or macro-
environmental factors (e.g., neighbourhood socioeconomic conditions, access to education,
access to healthcare) and proximal or micro-environmental factors (e.g., household income,
childhood adversity, parenting factors). Given that several of these factors are often tightly
inter-related” (e.g., neighbourhood conditions often covary with socioeconomic status), it is
prudent to investigate their collective impact on adolescent outcomes. Generally, higher
psychopathological traits during adolescence have been associated with adverse
environmental conditions, such as low socioeconomic status, harsh or inconsistent parenting,
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family conflict, and exposure to community violence and disadvantage”™ . On the other
hand, higher cognitive outcomes have been associated with better environmental conditions,
such as having a higher socioeconomic status, reduced exposure to air pollution, and
favourable perinatal conditions (e.g., higher birth weight)®>’. Environmental factors have
also been associated with individual differences in brain structure, such that improved macro-
and micro-environmental conditions are generally associated with larger brain volumes?®%.

Increasing evidence has suggested that the effects of environmental exposures on mental
health and cognition are mediated through influences on the brain detectable viaMRI. For
instance, family income has been shown to influence neurocognitive functioning through its
effects on brain structure, particularly within frontal and temporal regions®. Similarly,
recent work using data from the Adolescent Brain Cognitive Development (ABCD) study
demonstrated that childhood family and neighbourhood environments are associated with
differencesin brain structure during early adolescence, which also mediate the association
between environments and psychological outcomes such as externalising traits (i.e.,
presenting internal distress viaoutwardly directed behaviours such as aggression) 4. Thus, it
is possible that environmental factors may be associated with behaviour and cognition partly
viatheir effects on brain structure, and variations in this pathway may partially contribute to
individual differencesin these outcomes.

While this pathway has previously been investigated, several gaps remain. First, most studies
rely on cross-sectional data, which may miss meaningful individual differencesin
developmental trajectories (i.e., whether brain, cognitive, or behavioural development is
accel erating, decelerating, or remaining stable)*!. Given that adolescence is marked by
substantial brain and behavioural development, it may be that these trajectories of change are
more predictive of individual differencesin outcomes™. Second, relatively few studies have
examined how change with age in one domain (e.g., brain structure) predicts concurrent
change in another (e.g., behaviour) during critical periods of development, such as
adolescence™®. Investigating these linked temporal trajectories may be more informativein
understanding the temporal timeline of these relationships and improving causal inferences.
Third, traditional analyses often rely on raw volumetric measures or absolute changesin brain
volume. On the other hand, centile-based®** approaches indicate where an individual’s brain
volume falls relative to same-age and same-sex peers. These centile scores can then be used
to show whether an individual’s development remains stable, accelerates, or falls behind over
time relative to the population reference. These relative changes might be more sensitive
compared to absolute changes in explaining individual differencesin mental health and
cognition.

In the present study, in order to understand the factors associated with changes in mental
health and cognition across adolescence, we aimed to investigate the environment-brain-
behaviour pathway using centile-based measures of brain volumes. The ABCD Study consists
of alarge, longitudinal sample with environmental measures, MRI scans, cognitive tests, and
mental health trait measures™. Here, we examined how the late childhood macro- and micro-
environment predict changes in popul ation-referenced brain volumes and, in turn, changesin
mental health and cognition across adolescence. To capture baseline effects as well as
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longitudinal changes over time, we investigated the brain-behaviour-environment mediation
pathway in both the baseline pre-adolescent cohort (ages 8-11) as well as alongitudinal
cohort subset with data over 3 timepoints across adolescence (ages 8-15).

RESULTS

A brief overview of the methods is presented in Figure 1, which is described further below
and in the Methods section.

Figure 1 Brief overview of methodology
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Note. Brief overview of methodology, including participants in the baseline and longitudinal
cohort. The macro-environment was measured via the Child Opportunity Index (COI 2.0),
which captures a broad range of neighbourhood-level environmental indicators across the
social and economic, health and environment, and educational domains. The micro-
environment was summarised into a single summary latent factor score, which aggregates a
range of proximal factors such economic security, parental characteristics, school/community
environment, and adverse childhood experiences. For population-referenced measures of grey
matter volume, centile scores were calculated for each individual, which reflect the percentile
each individual’s brain volumes fall in relation to age and sex-matched peers. Mental health
traits were measured via the Childhood Behaviour Checklist (CBCL), grouped into
internalising (e.g., sadness, depression, anxiety, and loneliness) and externaising (e.g.,
aggression and rule-breaking) traits. Cognition was measured viathe NIH Toolbox Cognition


https://doi.org/10.64898/2026.04.27.721046
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.27.721046; this version posted April 29, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

Battery (NIH Toolbox®), which consists of various sub-tasks assessing cognitive domains
such as executive function, memory, processing speed, vocabulary, and reading.

Baseline analysis

The ABCD baseline sample used in this study consisted of 6,911 pre-adolescent participants
(3,606 female, 3,605 male) aged 8-11 years (Mean = 9.93, SD = 0.63) with complete data
from all measurements of interests. For each individual, grey matter volume centile scores
were computed for each region, which reflect the percentile each individual’s brain volumes
fall in relation to age and sex-matched peers. These scores were computed viaa maximum-
likelihood estimator and using previously derived population norms and out sample-
estimation approach®. Each time point was treated as an independent study, and random
effects of site were calculated at each time independently, which has been shown to account
for site-related variation®,

Mixed-effects models were used to examine the relationships between environmental factors,
regional brain centile scores, and mental health and cognitive outcomes. Age and sex were
modelled as covariates, while testing site and family 1D (to account for sibling pairs) were
modelled as random intercepts. To provide a standardised measure of effect size, standardised
beta coefficients were computed via z-scoring the outcome and predictor of interest.
Significant associations were followed up with mediation analyses. False Discovery Rate
(FDR) corrections were applied within analyses categories (e.g., for each environmental
predictor or mental health/cognitive task) to control for multiple comparisons across the
whole brain (see further detailsin the “Methods” section).

Environment-brain associations

The macro-environment was measured at baseline via the Child Opportunity Index (COI
2.0)%**" which aggregates a broad range of macro-environmental indicators into three
summary domains: Social and Economic (e.g., employment rate, poverty rate,
homeownership rate, median household income), Education (e.g., school poverty, high school
graduation rate, college enrolment, ECE centres), and Health and Environment (e.g., access
to healthy food, access to green space, industrial pollutants, health insurance coverage). The
micro-environment was measured via a single summary latent factor score, which aggregates
arange of proximal factors across the following domains. economic security, parental
characteristics, school/community environment, adverse childhood experiences,
physiological health, and perinatal wellbeing (e.g., gestational age at birth, birth weight)®.

First, to assess associations between the environment and the brain, we assessed whether
micro- and macro-environment scores were associated with centile scores at baseline.
Consistent with hypotheses, pre-adol escents with more favourable micro- and macro
environments showed larger brain volumes relative to their peers (Supplementary Tables 1-4).
These effects were observed across the entire brain, though associations were particularly
pronounced in multisensory and sensorimotor regions such as the middle temporal gyrus,
lateral occipital gyrus, inferior temporal gyrus, precentral gyrus, and post-central gyrus
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(Figure 2). Similar patterns were observed across the COI 2.0 subdomains and the micro-
environment latent factor scores.

Brain-behaviour associations

Next, we examined whether brain centile scores are associated with mental health and
cognitive outcomes. Mental health traits were measured via the Childhood Behaviour
Checklist (CBCL)*, which is grouped into two higher-order summary factors measuring
internalising (e.g., sadness, depression, anxiety, and loneliness) and externdising (e.g.,
aggression and rule-breaking) traits. As predicted, adolescents with lower brain volumes
relative to their peers showed greater internalising and externalising traits (Supplementary
Tables 4-5). Associations with externaising were particularly pronounced in the frontal pole,
temporal pole, transverse temporal gyrus, and pars triangularis — structures that are broadly
implicated in higher-order executive functioning and sensory, socio-emotional, and semantic
processi ng. Associ ations with internalising were particularly pronounced in the supramarginal
gyrus, superior temporal gyrus, rostral middle frontal gyrus, and postcentral gyrus —
structures that are broadly implicated in higher-order sensory integration, cognition, and
motor control (Figure 2).

Cognition was measured via the NIH Toolbox Cognition Battery (NIH Toolbox®)®, which
includes the following tasks: (a) Hanker Inhibitory Control & Attention: measures attention,
cognitive control, executive function, and inhibition of automatic response, (b) Picture
Sequence Memory: measures episodic memory and sequencing, (¢) Pattern Comparison
Processing Speed: measures information processing and processing speed, (d) Picture
Vocabulary: measures language vocabulary knowledge, and (e) Oral Reading Recognition:
measures language, oral reading skills, and academic achievement. As hypothesised,
adolescents with larger volumes across the brain relative to their peers showed higher scores
across all cognitive measures (Figure 2).

Figure 2 Baseline Associations
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Note. Brain plots depicting regional standardised beta coefficients for associations between
(A) environmental factors and centile scores, (B) centile scores and mental health traits, and
(C) centile scores and change scores on cognitive tasks. Regions are colour-coded according
to the magnitude and direction of the standardised beta values. Statistically significant
regions (pror < 0.05) are outlined. Details on the measures can be found in the Methods
section.

Environment-behaviour

Next, associations between environmental factors and cognitive and mental health outcomes
were assessed. As previously evidenced, less advantaged macro- and micro-environmental
conditions were generally associated with higher internalising and externalising traits and
lower scores across all cognitive measures (Table 1).

Table 1: Environment-behaviour associations at basdine

Shown are unstandardised regression coefficients (), standard errors (SE), standardised
coefficients (standardised ), and FDR-corrected p values (prpr) for all combinations of
environment-behaviour associations at baseline.

Outcome Predictor B SE Standardised B | pror
Externalising | Education -0.33 0.05 |-0.09 <0.001
Health/Environment -0.37 0.06 -0.10 <0.001
Social/Economic -0.37 0.05 -0.10 <0.001
Micro-environment -1.88 0.07 -0.32 <0.001
Internalising Education -0.14 005 |-0.04 0.016
Health/Environment -0.06 0.06 -0.02 0.318
Social/Economic -0.12 0.05 -0.03 0.031
Micro-environment -1.37 0.07 -0.24 <0.001
Flanker Education 0.64 0.08 0.10 <0.001
Inhibitory Health/Environment 0.69 0.09 |o11 <0.001
Control & Social/Economic 0.74 008 |0.12 <0.001
Attention Micro-environment 1.07 012 |011 <0.001
Pattern Education 0.93 0.13 0.09 <0.001
Comparison Health/Environment 1.00 0.15 |0.10 <0.001
Processing Social/Economic 1.05 0.13 |0.10 <0.001
Speed Micro-environment 1.55 020 |0.10 <0.001
Picture Education 0.95 0.11 0.11 <0.001
Sequence Health/Environment 1.03 0.12 |o0.12 <0.001
Memory Social/Economic 1.18 0.11 0.14 <0.001
Micro-environment 217 0.16 0.17 <0.001
Picture Education 151 0.07 0.27 <0.001
Vocabulary Health/Environment 1.38 0.08 |0.25 <0.001
Social/Economic 1.71 0.07 0.31 <0.001
Micro-environment 2.61 0.10 0.30 <0.001
Ora Reading | Education 1.01 006 |022 <0.001
Recognition Health/Environment 0.95 0.07 |020 <0.001
Social/Economic 1.13 0.06 0.24 <0.001
Micro-environment 1.97 0.09 0.27 <0.001
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Environment-brain-behaviour mediations

Since significant environment-brain, brain-behaviour, and environment-behaviour
associations were observed, we next examined whether the associati ons between the
environment and behaviour are partially mediated viathe brain. The environment-brain-
behaviour mediation pathway was tested for combinations showing significant associations in
the preceding analyses (Supplementary Tables 12-39) by pre-selecting the regions that
showed associations with both the environment as well as mental health and cognitive
outcomes. Results indicated that regional centile scores mediated the associations between (a)
all macro-environmental variables and externalising (Supplementary Tables 12-15), (b) the
social/economic and educational macro-environment and internalising (Supplementary Tables
17 & 18), (c) al macro-environmental variables and scores on the Flanker Inhibitory Control
and Attention Task (Supplementary Tables 20-22), and (d) all macro- and micro-
environmental variables and scores on the Oral Reading Recognition Task (Supplementary
Tables 36-39). Therefore, at baseline, brain centile scores partially mediate the association
between environmental factors and behavioural outcomes.

Longitudinal analysis

The longitudinal cohort consisted of a subset of participants from the baseline cohort that had
complete data across the three timepoints for all measurements of interest, resulting in 1,628
(749 males, 879 females) participants aged 8-15. Demographic characteristics of this
longitudinal subset were largely similar to the baseline cohort (see Table 3 in Methods).
Analyses followed the same structure as the baseline analysis, except that age-adjusted
change scores were used for brain and behavioural measures by averaging the differencesin
scores between consecutive timepoints (see “Methods” section for further details). All models
controlled for sex and, where relevant, baseline mental health and cognitive scores.

Environment-brain associations

The baseline environment, measured at the first timepoint during late childhood, was tested
as apredictor for changes in centile scores across adolescence. ACross various regions,
adolescents with a better childhood macro- and micro-environment showed upward shiftsin
centile scores (Supplementary Tables 40-44), moving higher up in their centile rankings
across adolescence. In other words, the brain volumes of these adolescents increased faster or
decreased slower than what was expected based on their initial rankings. Associations were
particularly pronounced in higher-order association and multimodal integration regions, such
as the precuneus, insula, pericalcarine gyrus, lingual gyrus, inferior parietal gyrus, and middle
temporal gyrus (Figure 3). Associations were also observed amongst regions of the
associative network, visual network, and default mode network.
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Brain-behaviour associations

Longitudinally, adolescents who showed downward shiftsin centile scores (i.e., decreasesin
their population-referenced brain volume percentiles across adolescence) show increased
traits of poor mental health (Supplementary Tables 44 & 45). Internalising and externalising
showed both overlapping as well as distinct neural correlates. For instance, both were
associated with downward shifts in regions such as the left insula, right cuneus, left pars
triangularis, right lingual, and left perical carine gyrus, which have been implicated in
processes such as self-awareness, emotion regulation, inhibitory control, and visual and
semantic processing. Externalising-specific associations were observed in the left |ateral
orbitofrontal cortex, right lateral occipital cortex, left middle temporal gyrus, right inferior
parietal lobule, and right precentral gyrus. Internalising-specific associations, on the other
hand, were observed in the left fusiform gyrus, right parahippocampal gyrus, and right
isthmus cingulate, previously implicated in visual recognition, memory, and self-referential
processing.

With respect to cognition, increases in scores on the Flanker Inhibitory Control and Attention
Task (Supplementary Table 46) were associated with upward centile shiftsin the left lateral
orbitofrontal cortex and left precuneus, previously implicated in inhibitory control, self-
referential-processing, and attention shifting. Improvements on the Picture Sequence
Memory task were associated with upward centile shifts across the brain (Supplementary
Table 47), while improvements on the Oral Reading Recognition task were associated with
downward shifts in language regions such as the left pars opercularis, as well as the left
precuneus and right paracentral gyrus (Supplementary Table 48). Improvements on the
Pattern Comparison Processing Speed task were associated with downward centile shiftsin
the right superior temporal sulcus, implicated in various broad aspects of cognition
(Supplementary Table 49), while increases on the Picture Vocabulary Task were associated
with upward shiftsin the right isthmus cingulate cortex, previously linked with aspects of
memory (Supplementary Table 50).

Figure 3 Longitudinal Associations
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Note. Brain plots depicting regional standardised beta coefficients for longitudinal
associations between (A) environmental factors and changesin centile scores, (B) centile
change scores and changes in mental health, and (C) centile change scores and changesin
cognition. Regions are colour-coded according to the magnitude and direction of the
standardised beta values. Statistically significant regions (pror < 0.05) are outlined.

Environment — behaviour

The childhood environment was tested as a predictor of changesin mental health and
cognition across adolescence. A better macro- and micro-environment was associated with
increases in scores across al of the measured cognitive tasks. There were, however, no
associations between environmental factors and changes in internalising and externalising
(Table 2).
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Table 2: L ongitudinal environment-behaviour associations

Outcome Predictor B SE Standardised | pror
B
Externalising Education -0.01 0.02 |-0.01 0.707
Health/Environment | 0.00 0.02 | -0.00 0.894
Social/Economic -0.00 0.02 |-0.00 0.929
Micro-environment | -0.05 0.03 |-0.04 0.145
Internalising Education -0.02 0.02 |-0.02 0.623
Heath/Environment | -0.01 0.03 -0.01 0.707
Social/Economic 0.02 0.02 | 0.02 0.550
Micro-environment | -0.02 0.04 |-0.01 0.670
Flanker Inhibitory Education 0.21 003 |0.13 <0.001
Control & Attention Health/Environment | 0.18 0.03 |0.10 <0.001
Social/Economic 0.22 0.03 0.13 <0.001
Micro-environment | 0.42 0.05 0.16 <0.001
Pattern Comparison Education 0.25 0.07 |0.08 <0.001
Processing Speed Health/Environment | 0.22 0.08 | 0.07 0.008
Social/Economic 0.27 0.07 | 0.09 <0.001
Micro-environment | 0.29 0.11 0.06 0.017
Picture Sequence Education 0.19 0.06 | 0.07 0.008
Memory Health/Environment | 0.34 0.07 |0.12 <0.001
Social/Economic 0.27 0.07 | 0.09 <0.001
Micro-environment | 0.61 0.10 0.13 <0.001
Picture Vocabulary Education 0.20 0.03 |0.17 <0.001
Health/Environment | 0.15 0.03 | 0.13 <0.001
Social/Economic 0.19 0.03 | 0.16 <0.001
Micro-environment | 0.35 0.05 0.19 <0.001
Oral Reading Education 0.05 0.02 |0.05 0.063
Recognition Health/Environment | 0.02 0.03 | 0.02 0.670
Social/Economic 0.05 0.03 0.05 0.069
Micro-environment | 0.18 0.04 |0.12 <0.001

Note. Shown are unstandardised regression coefficients (B), standard errors (SE),

standardised coefficients (standardised ), and FDR-corrected p values (pror) for al

combinations of environment-behaviour associations at baseline.

Mediation

Mediation analyses were conducted to explore whether the environment-brai n-behaviour
pathway might explain longitudinal changesin mental health and cognition across
adolescence. Outcomes showing significant associations with environmental factors (Table 2)
were further tested for the environment-brain-behaviour mediation pathway, and only regions
that showed associations with both the environment as well as cognitive outcomes were pre-
selected. As aresult, mediations were tested for the Picture Sequence Memory Task and the
Picture Vocabulary Task. Various significant effects were identified for the Picture Sequence
Memory Task. For instance, centile scores in regions such as the cuneus and lateral occipital
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gyrus mediated the relationship between environmental measures and changes on the Picture
Sequence Memory Task (Supplementary Table 51). Additionally, changesin the right isthmus
of the cingulate cortex mediated the relationship between the micro-environment and scores
on the Picture Vocabulary Task (Supplementary Table 52).

Sensitivity analysis

To evaluate the robustness of the observed findings, a series of additional sensitivity analyses
were conducted. First, associations were re-examined using an aternative indicator of the
macro-environment - the Area Deprivation Index (ADI). The ADI provides a neighbourhood-
level composite score based on census-based indicators of income, education, employment,
and housing conditions. The measure most closely matches the COI 2.0 Social and Economic
and Education domains. Pearson’s correlations on standardised beta coefficients indicated a

high concordance between results from the ADI and COI 2.0 (Supplementary Table 53 &
Figures 1-2).

Second, to account for the potential confounding effects of puberty, analyses were
reconducted using pubertal stage (for baseline analysis) or change in pubertal stage (for
longitudinal analysis) as a covariate. Although in some cases fewer regions reached statistical
significance in these adjusted models, the overall direction and magnitude of effects generally
remained consistent and high correlations were observed with the primary findings
(Supplementary Table 54 & Figures 3-4).

Discussion

The present study examined baseline and longitudinal associations between the environment,
brain, and behaviour in adolescence. At baseline, we found that children with a better macro-
and micro-environment showed larger brain volumes relative to their peers. Both better
environments and higher brain centile scores were also associated with better mental health
and cognitive outcomes. Importantly, in several cases, the relationship between
environmental factors and cognitive and mental health outcomes was partially mediated via
the brain. Longitudinally, we found that adolescents with a better childhood macro- and
micro-environment moved higher up in their centile rankings across adolescence. Moreove,
adolescents who moved upwards in their centile scoresin targeted regions showed
improvements in mental health and cognition. The childhood macro- and micro-environments
were associated with changes in cognition, but not in mental health, across adolescence. The
environment-brain-behaviour pathway therefore offered some explanatory power in
predicting longitudinal changes in cognition across adolescence.

First, the findings provide confirmatory evidence for the associations between the
environment and brain structure. At baseline, those with a better macro- and micro-
environment showed higher brain volumes relative to their peers. Associations were observed
across the brain and were particularly pronounced in multisensory and sensorimotor regions
(e.g., middle temporal, lateral occipita, inferior temporal, precentral and postcentral gyri).
Longitudinally, those with better environments showed increasesin their relative centile
rankings across adolescence. Associations were particularly pronounced in higher-order
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associative and multi-modal integrative regions (e.g., precuneus, insula, pericalcarine,
lingual, inferior parietal, and middle temporal gyri). Thistrend aligns with known patterns of
cortical maturation, where sensory regions develop first followed later by higher-order
associative regions’. Environmental associations with brain structure therefore align with the
general trgjectory of cortical development.

Our findings further demonstrate that, at baseline, a better macro- and micro-environment
was associated with better cognitive and mental health outcomes across all measured
domains, consistent with a large body of previous literature*>*"*!, Longitudinally, a better
childhood micro- and macro-environment was associated with increases on all the measured
cognitive tasks across adolescence. However, the childhood environment did not predict
changes in mental health traits. There are several potential explanations for these findings.
Firstly, given that environmental factors are dynamic and may change at the individual-level,
it is possible that the childhood environment is not areliable predictor of mental health
changes across adolescence, which may be more sensitive to the current environment. As
such, measures of the environment that are more temporally aligned with mental health
measures might result in more prominent associations. It is also possible that, while
environment plays a significant role in shaping baseline effects, it may not play a further
additive role in shaping longitudinal change across adolescence. Instead, these relationships
may already become established pre-adolescence and, subsequently, the initial effects of the
environment on the brain and mental health may become self-reinforcing in driving
longitudinal change. Alternatively, it is also possible that the substantial reorganisation of the
brain during adolescence may overshadow the impact of baseline environmental effects.

Indeed, as expected, brain structure significantly predicted mental health and cognitive
scores, both at baseline and longitudinally. Higher baseline centile scores across multiple
brain regions predicted lower internalising and externalising traits. Longitudinally,
individuals showing decreases in their relative centile rankings across adolescence showed
increased traits of poor mental health. Prominent regions showing associations with
externalising included structures such as the insula and lateral orbitofrontal cortex, which
have previously been implicated in processes such as self-awareness™, emotion regulation®,
impulse control*, and reward processing™. Structural variations within theinsula, in
particular, are implicated across psychiatric conditions, and more specifically with
externalising psychopathol ogies™. Associations were also observed across a wide range of
regions, including the visual and associative regions (e.g., cuneus, pericalcarine, lateral
occipital, and lingual cortex) as well as semantic and motor regions (e.g., middle temporal
gyrus, pars triangularis, inferior parietal cortex, and precentral gyrus). Although these regions
have been linked to abroad set of functions, some research suggests that various of them may
also beinvolved externalising-relevant processes such asinhibitory control*>™, attention
control®, and impulsivity®. Indeed, structural variations in several of these regions have also
previously been associated with externalising traits™>>°. For instance, largely consistent with
the findings of the present study, it has previously been shown that externalising traits are
linked to negative deviations in gray matter volumes from peers across structures such as the
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cuneus, inferior parietal lobe, lingual gyrus, and precentral gyrus in childhood and
adolescence™.

Several regions associated with externalising also overlapped with those associated with
internalising, including the insula, cuneus, lingual gyrus, pars triangularis, and pericalcarine
gyrus. Thisis consistent with prior evidence suggesting that internalising and externalising
show both overlapping as well as distinct neural correlates™ . These regions have also been
implicated in internalising-relevant traits and exhibit structural variationsin internalising
conditions such as depression® *. The insula, for instance, has been linked to interoception
(potentially explaining somatic aspects of internalising) and emotion processing™, with
smaller volumes and reduced surface areas showing associations with internalising™>*.
Regions specific to internalising included the fusiform gyrus and default mode regions such
as the isthmus cingulate and parahippocampal gyrus — previously implicated in memory and
self-referential cognition®. Likewise, reduced volume, surface area, cortical thickness and
gray matter density across these regions have been linked to depression and anxiety™ >".

With respect to cognition, at baseline, children whose brain volumes were larger relative to
age and sex-matched peers showed higher performance across the range of tested cognitive
tasks measured. Longitudinally, more region-specific and task-dependent associ ations were
observed with mixed directionality. For instance, increases on the Flanker Inhibitory Control
and Attention Task were associated with downward shiftsin the lateral orbitofrontal cortex,
implicated in inhibitory control*, aswell as the precuneus, implicated in self-referential
processing™ and attention-shifting™. Increases on the Oral Reading Recognition task were
likewise associated with downward shifts in the precuneus and the pars ocupalaris, both of
which have been linked to aspects of language and semantic processing®®*. On the other
hand, increases on the Picture Memory Task, which assesses episodic memory and
sequencing, were associated with upward shiftsin centile scores across the brain. Increases
on the Picture Vocabulary Task were aso associated with upward shifts in the isthmus of the
cingulate cortex, while performance on the Pattern Comparison Processing Speed Task was
associated with downward shifts in the superior temporal sulcus, implicated in various broad
aspects of cognition (e.g., sensory integration, attention control)®. Although seemingly
counterintuitive, it is possible that these downward shifts, in fact, reflect more advanced
maturation, since overall reductions in gray matter volumes are typical during adolescent
development®®. These effects may be region and task-dependent, with certain tasks requiring
increasing centiles in specific regions for better performance while others requiring decreased
centiles. It is also important to note that since these analyses are based primarily on structural
measures, any functional interpretations are largely speculative and should be interpreted
with caution.

Finally, a key aim of the present study was to investigate the environment-brai n-behaviour
mediation pathway. At baseline, several such mediation effects were identified - for instance,
an improved macro-environment was associated with higher centile scores, which, in turn,
predicted lower internalising and externalising. Centile scores also mediated the association
between the macro-environment and scores on the Flanker Inhibitory Control and Attention
task, as well as the association between both the micro- and macro-environment and scores
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on the Oral Reading Recognition Task. These results suggest that the associations between
the environment and behaviour are mediated, at least partialy, viathe brain.

Longitudinally, changes in regions such as the cuneus and lateral occipital gyrus mediated the
relationship between environmental measures and changes on the Picture Memory Task.
Similarly, changes in the cingulate cortex mediated the relationship between the micro-
environment and scores on the Picture Sequence Memory Task. These findings suggest that
the childhood environment predicts aspects of cognitive devel opment across adolescence
partly through modulating changes in brain structure. Besides these associations, no other
longitudinal mediation effects were observed for the other outcomes examined. This can
largely be attributed to the fact that the baseline environment was not predictive of
longitudinal changes across outcome such as internalising and externalising, which precluded
further mediation analyses.

There are anumber of limitations to consider when interpreting these findings. First,
mediation analyses typically require high statistical power. In the present study, the
longitudinal sample, although still large, was smaller than the baseline cohort. As aresult,
some subtle mediation effects may not have been detected in the longitudinal analyses due to
comparatively lower power. Secondly, while brain and behavioural changes were measured
longitudinally, environmental factors were measured only at baseline. It is possible that
changes in the environment may be more informative in predicting changesin the brain,
mental health, and cognition across adolescence. Thisis particularly important considering
that the COVID-19 pandemic occurred during data collection and resulted in various
substantial changes to the health, social, economic, and educationa environment. Third,
macro-environmental variables were derived from geospatial data, which hold limited spatial
and temporal resolution. Fourth, the ABCD sampleis concentrated in US metropolitan areas,
which may limit the global generalisability of these findings. Fifth, because several
environmental factors are highly collinear and interrelated, we used summary-level scores as
amethod to parsimoniously obtain a broad overview of the impact of the environment on
brain development and behaviour. However, as aresult, this approach limited inference on
the specific contributions of individua environmental predictors. Additionally, some other
important aspects of the adolescent micro-environment, such as cyberbullying or
discrimination, were not considered as these measures were not fully available for all
timepoints in the ABCD dataset. Finally, several environmental factors that were investigated
are not fully separable from genetic factors. For instance, micro-environmental factors such
as parental education can be highly heritable * and are also linked with macro-environmental
factors such as neighbourhood characteristics. It will therefore be important for future work
to assess the extent to which the observed associations persist after accounting for genetic
factors.

In light of these limitations, future studies may consider disentangling the roles of individual
environmental predictors on outcomes of interest. Future research should also consider
incorporating both repeated measures of the environment as well as additional brain-based
measures (e.g., white matter microstructure, functional connectivity). Collectively, these
measures will produce more explanatory mediation pathways. Studies should also consider
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integrating genetic datainto longitudinal environment-brain-behaviour frameworks to clarify
how genetic predispositions may moderate sensitivity to environmental effects on the brain
and behaviour. Finally, since adolescence is also acritical period for sex differencesin the
brain and behaviour®, sex differences in the environment-brain-behaviour mediation pathway
should also be explored further.

In summary, the present study identified both baseline and longitudinal associations between
the environment, brain, and behaviour during adolescence. Key strengths include its large
sample size, longitudinal design, and use of brain metrics benchmarked against population-
based norms. The findings represent an important step towards the identification of brain
markers and enviro-types that shape cognition and mental health during this critical period of
development. In turn, this may support the development of both neurobehavioral
interventions and policy initiatives aimed at improving the environment to promote positive
outcomes for adolescents.

Methods

Participants

The ABCD Study is alongitudinal study spanning across 21 research sites in the United
States™. The study obtained ethical approval from acentral Institutional Review Board at the
University of California, San Diego, as well as local approval from each of the participating
sites. General exclusion criteria for the ABCD study included an MRI contraindication, major
neurological disorder, gestational age at birth <28 weeks, birth weight <1200g, birth
complications that required hospitalisation for >1 month, uncorrected vision, and a diagnosis
of schizophrenia, autism, learning disability, and alcohol or substance use disorder at the time
of enrolment. Participants were also excluded if they did not pass an MRI quality control
check (https://wiki.abcdstudy.org/rel ease-notes/imaging/qualitycontrol.html).

The baseline sample consists of 6,911 participants aged 8-11 years (Mean = 9.93, SD = 0.63).
Participants with any missing measurements of interest (structural MRI, environmental data,
cognitive tests, mental health questionnaires) were excluded from the analysis. Sample
demographic characteristics are presented in Table 3.

The longitudinal cohort consisted of datafrom 3 timepoints spanning ages 8-15 (timepoint 1:
ages 8-11, timepoint 2: ages 10-13, timepoint 3: ages 12-15). Only participants that had all
measures of interest across all 3 timepoints were included in the analysis. The sample
consisted of 1,628 participants. Sample demographic characteristics are presented in Table 3.
Both the baseline and longitudinal samples presented with largely similar descriptive
characteristics.

Table 3. Sample demogr aphic char acteristics

The table presents the number and percent of participants by sex, race/ethnicity, and
combined household income, separately for the baseline and longitudinal data.
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Basdline L ongitudinal
Sex
Female 3306 (47.83%) 749 (46.00%)
Male 3605 (52.16%) 879 (53.99%)
Race/ethnicity
White 4090 (59.18%) 983 (60.75%)
Hispanic 1256 (18.17%) 309 (18.98%)
Black 780 (11.29%) 140 (8.60%)
Asian 109 (1.58%) 27 (1.66%)
Other 673 (9.74%) 169 (10.38%)
Not known/decline to answer 3 (0.04%) 0 (0.00%)
Combined household income
Low (<$50,000) 1768 (25.00%) 428 (26.29%)
Middle ($50,000-100,000) 2004 (28.99%) 529 (26.40%)
High ($100,000+) 3139 (45.42%) 671 (41.21%)

M easures

M acr o-envir onment

The Child Opportunity Index (COI 2.0) provides linked external data with various area-level
indices of the macro-environment®***’. It consists of 29 indicators summarised into three
summary domains: Social and Economic (e.g., employment rate, poverty rate,
homeownership rate, median household income), Education (e.g., school poverty, high school
graduation rate, college enrolment, ECE centres), and Health and Environment (e.g., access
to healthy food, access to green space, industrial pollutants, health insurance coverage). This
information was obtained from publicly available sources (e.g., the American Community
Survey, U.S. Department of Agriculture) and aggregated at the census tract level based on the
participants’ baseline residential addresses. Details are provided in Table 4.

Table 4. Childhood Opportunity I ndex

INDICATOR | DESCRIPTION
Early childhood education
ECE centres Number of Early Childhood Education (ECE) centres
within a 5-mile radius (own data collection from state and
federal sources)
= High-quality ECE Number of NAEY C (Nationa Association for the
O centres Education of Young Children) accredited centres within a
'<7: 5-mile radius
8 ECE enrolment Percent 3- and 4-year-olds enrolled in nursery school,
o) preschool or kindergarten
W | Elementary education
Third grade reading Percent third graders scoring proficient on standardised
proficiency reading tests, converted to NAEP (National Assessment of
Educational Progress) scale score points
Third grade math Percent third graders scoring proficient on standardised
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proficiency

| reading tests, converted to NAEP scale score points

Secondary and postsecondary education

High school
graduation rate

Percent ninth graders graduating from high school on time

Advanced Placement
(AP) course enrolment

Ratio of students enrolled in at least one AP course to the
number of 11" and 12" graders

College enrolment in
nearby institutions

Percent 18-24 year-olds enrolled in college within a 25-
mile radius

Education and social r

€esour ces

School poverty

Percent students in elementary schools eligible for free or
reduced-price lunches, reversed

Teacher experience

Percent teachersin their first and second year, reversed

Adult educational Percent adults ages 25 and over with a college degree or
attainment higher
Healthy environments
Access to healthy food | Percent households without a car located further than a
half-mile from the nearest super-marked, reversed
Access to green space | Percent impenetrable surface areas such as rooftops, roads
— or parking lots, reversed
& Walkability EPA Walkability Index
= Housing vacancy rate | Percent housing units that are vacant, reversed
% Toxic exposur es
o Hazardous waste Average number of Superfund sites within a2-mile radius,
E dump sites reversed
w Industrial pollutantsin | Index of toxic chemicals released by industrial facilities,
% ait, water, or soil reversed
< Airborne M ean estimated microparticle (PM2.5) concentration,
E microparticles reversed
il Ozone concentration | Mean estimated 8-hour average ozone concentration,
E reversed
I Extreme heat Summer days with maximum temperature
exposure
Health resour ces
Health insurance Percent individuals ages 0-64 with health insurance
coverage coverage
Economic opportunities
Employment rate Percent adults ages 25-54 who are employed
= Commute duration Percent workers commuting more than one hour one way,
% reversed
Z Poverty rate Percent individuals living in households with incomes
8 below 100% of the federal poverty threshold, reversed
L Public assistancerate | Percent households receiving cash public assistance or
% Food Stamps/Supplemental Nutrition Assistance Program,
< reversed
:,:' Homeownership rate | Percent owner-occupied housing units
O High-skill Percent individuals ages 12 and over employed in
8 employment management, business, financial, computer, engineering,

science, education, legal, community service, health care
practitioner, health technology, arts, and media
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occupations
Median household Median income of all households
income
Single-headed Percent family households that are single-parent headed,
households reversed

Note. Summary of the variables measured in the COI 2.0, adapted from
https.//www.diversitydatakids.org/child-opportunity-index

Micro-environment

A latent factor score, derived from a previous study via group factor analysis®, was used as a
summary measure of the micro-environment. The latent factor score was generated from 22
proximal measures across six domains: economic security (e.g., food security, housing
security, ability to pay bills, and access to medical care), parental characteristics (e.g.,
education, dual parent households, parental monitoring, caregiver warmth),
school/community environment (neighbourhood safety, positive school environment),
adverse childhood experiences (e.g., family conflict, history of atraumatic event, parental
psychopathology), physiologica health (e.g., sleep hours, BMI), and perinatal wellbeing
(e.g., gestational age at birth, birth weight). Further details are provided in Table 4.

Table 4. Micro-environment summary latent factor score

Groups M easur es

Economic Food security, housing security, ability to pay bills, access to
medical/dental

Parental Parental education, total caregiver warmth, parental monitoring,
dual parent households

ACEs Family conflict, history of atraumatic event, parent
psychopathol ogy

School/community | Neighbourhood safety, positive school environment, school
engagement

Physiological Seep hours, BMI

Perinatal Total prenatal conditions, planned pregnancy, maternal age at birth,
history of prenatal substance use, gestational age (weeks), birth
weight (kg)

Mental Health

The Childhood Behaviour Checklist (CBCL) is a validated, parent-report questionnaire that
measures psychopathological traits®. The measure can be grouped into two higher-order
summary factors: internalising, which assesses sadness, depression, anxiety, and loneliness
traits (e.g., “feels worthless or inferior” or “complains of loneliness’), and externalising,
which assesses aggression and rule-breaking traits (“ cruelty, bullying, or meanness to others’
or “getsin many fights’).

Cognition
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The NIH Toolbox Cognition Battery (NIH Toolbox®) is a standardised assessment measuring
neurocognition across arange of key domains™. In the ABCD study, the following tasks were
measured longitudinally across the three timepoints: (a) Flanker Inhibitory Control &
Attention Task: measures attention, cognitive control, executive function, and inhibition of
automatic response, (b) Picture Sequence Memory Task: measures episodic memory and
sequencing, (c) Pattern Comparison Processing Speed Task: measures information processing
and processing speed, (d) Picture Vocabulary Task: measures language vocabulary
knowledge, and (e) Oral Reading Recognition Task: measures language, oral reading skills,
and academic achievement. Together, these serve as representative measures of cognitive
functioning across arange of domains. In line with the recommendations for longitudinal
analysis, age-uncorrected scores were used in the present study.

Mental health and cognition change scores

To measure longitudinal change in mental health and cognition across the three timepoints,
we calculated an age-normalised change metric. This metric was calculated by averaging the
change in scores between the timepoints (e.g., change between T1 and T2, change between
T2 and T3) and adjusting for the age differences between timepoints. The following
calculation was computed for each participant:

T2 score —T1 score N T3 score —T2 score
ageatT2 —ageatTl  ageatT3 —ageatT2

2

Centile scores

To compute centile scores, we benchmarked each participant’s regional brain volumes against
a population-based reference. The reference model was derived from a previous large-scale
study that modelled sex-stratified trajectories of brain volumes using GAMLSS in over
100,000 individuals across the lifespan®. We then computed, for each individual, the relative
distance of each regional brain volume from the median of the age and sex-specific
distribution provided by the reference model. This score, expressed in percentiles, reflected
where an individual’s brain volume fell in comparison to same-age and same-sex peers.

For the longitudinal analysis, we averaged the change in centile scores between the
timepoints (change between T1 and T2 and change between T2 and T3) as follows:

((T2 -T1) + (T3 - T1))
2

Centile change score =

Given that centile scores are already age-adjusted, we did not further correct this measure for
age.

Statistical Analysis

All associations were examined in both the baseline data as well as the longitudinal datafrom

all three timepoints. In the baseline analysis, mixed effects models were used to assess (1)
The associ ations between each of the four environmental variables with each baseline
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regional centile score, (2) The association between each baseline regional centile with each
baseline measure of mental health and cognition, (3) The association between each of the four
environmental variables with each baseline measure of mental health and cognition, and (4)
The environment — brain — behaviour mediation pathway for all combinations of
environment, brain, mental health, and cognitive measures that showed significant
associations in steps 1-3. These analysis steps are visualised in Figure 1.

For each analysis, testing site and family ID (to account for sibling pairs) were modelled as
random intercepts, while age and sex were modelled as covariates. Benjamini-Hochberg
False Discovery Rate (FDR) corrections were applied within the following steps of analyses
— (&) For analysis steps 1 and 2, FDR corrections were applied separately for each variable of
interest to encompass all regional brain volumes, (b) For analysis step 3, asingle FDR
correction was applied across all anayses to encompass all combinations of environmental
and cognitive/mental health measures, and (c) for analysis step 4, FDR corrections were
applied within each mediation pathway to encompass all pre-selected regional volumes of
interest.

In the longitudinal analysis, mixed effects models were used to assess (1) The associations
between each of the four environmental variables with each regional centile change score, (2)
(2) The association between each regional centile change score with each longitudinal change
measure of mental health and cognition (3) The association between each of the four
environmental variables with each longitudinal measure of mental health and cognition, and
(4) Thelongitudinal environment — brain — behaviour mediation pathway for all combinations
of environment, brain, mental health, and cognitive measures that showed significant
associations in steps 1-3. Similar to the baseline analyses, each analysis modelled random
intercepts for testing site and family 1D. Additionally, all analyses were controlled for sex but
not for age, as ages were already taken into consideration when deriving the change scores.
Analysis steps 2-4 aso further controlled for baseline mental health and cognition scores.
FDR corrections were applied in the same manner as the baseline analysis.

We also conducted additional sensitivity analyses to assess the consistency of the observed
results. First, we re-conducted the analyses controlling al for pubertal stage, measured viathe
Pubertal Development Scale (PDS)®. The PDS measures the development of secondary
sexual characteristics (e.g., body hair) and also includes sex-specific measures for males (e.g.,
facia hair, voice changes) and females (e.g., breast development and menarche). Based on
this information, a 5-point scale is used to represent the pubertal stage of each participant
(i.e., pre-puberty, early puberty, mid-puberty, late puberty). In the baseline analysis, this
pubertal stage was modelled as a covariate. For the longitudinal analysis, a puberty change
metric was derived by calculating the difference in PDS scores between the first and final
timepoints to approximate an adolescent’s pubertal progression over the studied period. To
assess concordance, Pearson’s correlations were computed on the standardised beta
coefficients from the main analysis and puberty-controlled analysis.

To assess the replicability of findings across different measures of the macro-environment,
we also conducted additional analyses using the Area Deprivation Index (ADI). Like the COI
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2.0, the ADI provides neighbourhood-level composite score based on census-based indicators
of income, education, employment, and housing conditions. Pearson’s correlations were
computed on the standardised beta coefficients of the COI 2.0 and ADI to determine
concordance.
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